Abstract. We present a reconceptualization of forests in eastern North America by differentiating the ecological characteristics of open oak (Quercus) and pine (Pinus) forests from closed successional and oldgrowth forests. Despite historical abundance of savannas and woodlands, the fundamental ecology of open forest ecosystems remains ill-defined when compared to either closed forests or grasslands. Open forests were characterized by simple internal stand structure consisting of a single stratum of variably spaced, often very old overstory trees and limited midstory, maintained by understory disturbance that controlled tree regeneration and allowed instead a taxonomically rich herbaceous groundlayer. In contrast, closed forests have dense woody growth throughout the vertical profile, limiting herbaceous plants. To provide further clarity about these ecosystems, we developed a canopy closure spectrum model dependent on the interactions between prevailing disturbance regimes of the historical and current eras, which affect either the tree understory (regeneration) or overstory, and tree traits of fire and shade tolerance. Recognition of different stand structures, disturbance regimes, and their interrelationships should expand understanding of open forests and limit ecological misunderstandings and restoration misapplications, thereby improving management of these once historically extensive ecosystems.
INTRODUCTION
Ecologists have long explained vegetative patterns through conceptual models of relationships between the biotic and the abiotic, linkages between structure and function, community change over time, and anthropogenic influences (Clements 1916 , Gleason 1926 , Tansley 1935 , Whittaker 1953 , Quarterman and Keever 1962 , Connell and Slatyer 1977 . Over the past century, scientists have repeatedly reconsidered forest succession and dynamics (Clements 1916 , Gleason 1926 , Egler 1954 , Pickett 1976 , Noble and Slatyer 1980 , Glenn-Lewin et al. 1992 , Carey and Curtis 1996 , Oliver and Larson 1996 , Franklin et al. 2002 , Bormann and Likens 2012 . While much has been learned, opportunities to reinterpret the past, refine the present, and model the future remain even in prominent ecosystems from well-studied regions. For instance, how characteristic and extensive were the classical closedcanopy, old-growth forests of shade-tolerant maples (Acer), beech (Fagus), hemlock (Tsuga), or magnolia (Magnolia) in eastern North America? A growing body of evidence documents that much of this region had been dominated-for thousands of years-by open, old-growth forests of less shade-tolerant oak (Quercus) and pine (Pinus), and not just on xeric sites (Delcourt and Delcourt 1987 , Burns and Honkala 1990a , b, Hanberry and Nowacki 2016 , Hanberry and Abrams 2018 , Hanberry et al. 2018a .
In many, if not most, of these historical open forests, canopy-dominant trees also varied considerably in age. Unfortunately, very few of these old, multi-aged, open forests survived as functionally intact examples to the present day (Hanberry and Abrams 2018). Most ecology and forest management texts consider only closed successional forests (i.e., forests with tree development throughout the vertical profile that have not developed typical old-growth structure or shadetolerant composition) as the predominant vegetative cover in eastern North America, and focus on stand dynamics driven by differences in tree shade tolerance and other related forest characteristics (Oliver and Larson 1996 , Barnes et al. 1997 , Perry et al. 2008 . While this may be the case for most of these landscapes today (given their long-term lack of fire and disturbance regimes dominated by timber management), this view of ecosystem response is limited and largely unsuitable for the conceptualization and restoration of open forest conditions (Hanberry et al. 2018b) . We believe that recognition of open old-growth forests, controlled by a disturbance regime (i.e., regular surface fires) that regulates tree success in the understory, has been lacking perhaps because the transition from open forests to closed forests either occurred gradually enough over such an extended time frame as to be imperceptible to most observers or was thought to conform to successional stages in closed forests.
Our objective is to reevaluate this paradigm by differentiating between open and closed (both
Box 1. Glossary
Closed Forests: High-density forests comprised of trees that fill the vertical profile because there is no control of tree regeneration. Canopies may be closed in fully stocked forests, but gap dynamics in old-growth forests may open canopies and frequent overstory disturbance may result in understocked forests comprised of dense, small diameter trees, where the overstory is not separated from the midstory and the canopy may not be closed. Overstory trees primarily are shade-tolerant species in old-growth forests. Closed forests are more abundant now, after historically extensive open forests transitioned to closed forests.
Open Forests: Low-density forests (typically between 10% and 75% of full stocking, with densities ranging from 50 to 250 trees/ha) where herbaceous vegetation is dominant under the overstory, with limited tree growth throughout the midstory because tree regeneration is controlled by fire, or other understory disturbances that remove small diameter woody stems. Overstory canopies vary from widely spaced in savannas to continuous in closed woodlands. Overstory trees characteristically are fire-tolerant species. Because most historical forests were dominated by fire-tolerant species, and based on contemporaneous accounts and other lines of evidence, open forests probably were widespread historically.
Successional Forests: Forests undergoing structural development after overstory removal in areas larger than gaps. Typically, overstory tree disturbance is too frequent to allow time for the slower process of compositional change to shade-tolerant species. Successional forests tend to contain greater tree species richness than old-growth forests that are limited to fire-tolerant or shade-tolerant species. Currently, successional forests are abundant, particularly in the southeastern United States, due to frequent overstory disturbance.
Old-growth Forests: Forests that have achieved characteristic structure and composition typical of either closed or open old-growth forests, after overstory trees have established. Closed old-growth forests are noted for complex and varied canopy structure, and shade-tolerant species, such as Fagus grandifolia. Open old-growth forests contain an overstory tree layer of fire-tolerant species. Old-growth structure and composition are rare currently and common in the past. successional and old-growth) forests (see Box 1 for a glossary of terms). To further illustrate these unique differences, we develop a forest spectrum model based on canopy closure in eastern North America to extend well-described conceptualizations of successional forests (Carey and Curtis 1996 , Oliver and Larson 1996 , Franklin et al. 2002 , Bormann and Likens 2012 . We then summarize our reconceptualization of these open forests to help prevent potential misapplications of terminology and techniques developed for closed forests in their restoration. Through better understanding of the ecological patterns and processes underpinning historical open forest ecosystems, we believe scientists can improve the framework required to describe, restore, and manage functional modern-day examples of open forests.
THE FOREST CLOSURE SPECTRUM MODEL
A complete canopy closure spectrum arises from complex relationships between species autecology (including traits of fire, shade, and harvest tolerance), site conditions, and disturbance regimes. The spectrum for closed forests (top of Fig. 1 ) follows a trajectory of shade tolerance-mediated development after a stand-replacing disturbance removes overstory trees. On the other end of the spectrum, open forests (bottom of Fig. 1 ) are fundamentally shaped by frequent surface fires, rather than shade tolerance, that regulate the stem density and taxonomic composition of all strata (under-, mid-, and overstory). Understanding the dynamics of these different portions of the openness spectrum is key to Fig. 1 . A forest spectrum model for eastern North America. This paper concentrates on the open forest state of the spectrum, for which frequent surface fire is the dominant regulating disturbance regime. Historically, factors that varied (e.g., climate patterns, ignition frequencies, fuel load accumulations, fire severities) dictated the frequency of surface fires, which in turn largely controlled the abundance of established trees and the local expression (savanna, open woodland, closed woodland) of the open forest spectrum. Surface fires affect the understory disproportionately in open forests, particularly those dominated by fire-tolerant taxa such as oaks and pines. Prolonged fire exclusion pushes open forests into the closed forest spectrum, resulting in a new suite of disturbance regimes to dictate overstory dynamics. Different stable states within the varying dominant successional stages (1, 2, or 3) can be sustained by the appropriately influential disturbance regime(s).
understanding the forests of eastern North America, past and present.
Closed vs. open forests
Closed successional forests are defined as dense stands undergoing progressive stages of development from the relatively rapid and orderly transition of a temporarily deforested stand to a continuously canopied forest structure. First a brief, non-forested stage occurs, consisting of a mixture of herbaceous and woody stems, followed by a young forest stage after establishment of tree seedlings and/or sprouts, and then a midsuccessional stage during self-thinning mortality of the young forest. In late successional stands, dominant trees differentiate into an overstory, which may close. Where overstory disturbance is infrequent, internal complexity develops from variable patterns in vertical and horizontal structure, including gaps, patches of trees of variable age, and an abundance of large live trees, snags, and downed woody debris (Fig. 1) . With time, internal stand structural change is followed by compositional change chiefly driven by species tolerance to shade. Factors such as gap size variability, microsite variation, regeneration sources (stump or root sprouts, seeds), the persistence of advance reproduction, and herbivore influences also impact compositional change. However, overstory disturbance generally is too frequent, particularly in the southeastern United States, to allow composition change to increasingly shadetolerant taxa, characterized in eastern North America by species such as American beech (Fagus grandifolia), sugar maple (Acer saccharum), eastern hophornbeam (Ostrya virginiana), and southern magnolia (Magnolia grandiflora).
Before the advent of metal tools and mechanization that greatly facilitated timber harvesting, stand-replacing disturbances tended to be infrequent and small scale (Seymour et al. 2002 , Lorimer and White 2003 , Elsner et al. 2008 compared to current frequency of overstory removal. This allowed for the widespread development of old-growth forests across much of eastern North America. When severe wind storms or other major disturbances occurred that could fell large trees, overstory damage likely occurred in small gaps or patchily, very unlike comprehensive removal in clear cuts (Seymour et al. 2002) . Typical estimates of stand-replacing disturbances, generally by wind or crown fire, range from hundreds to thousands of years (Seymour et al. 2002 , Lorimer and White 2003 , Schulte and Mladenoff 2005 , Hanson and Lorimer 2007 , Elsner et al. 2008 . For example, in northern hardwood forests, disturbances that removed 30-60% of the canopy occurred on 300-to 400-yr rotations, or about once during expected tree lifespans (Hanson and Lorimer 2007) . In the past, with standreplacing disturbances <0.2 ha in size occurring about every 100 yr in the closed forests of the northeastern United States and 2 ha openings forming every 200 yr (Seymour et al. 2002) , early successional stages of <15 yr appeared on about 1-3% of the landscape and an equivalent 1-3% of trees in the 15-30-yr age class (Lorimer and White 2003) . Today, tree growth occupies the vertical profile of the forests, even if the overstory is not closed due to gap dynamics or differentiated by dominant trees in understocked stands as a result of timber management practices-whether through overstory thinning or low-density plantings.
Even though most closed forests in eastern North America prior to Euro-American settlement had a dominant old-growth component, some were fundamentally and perpetually successional, at least in structure. This included riparian forests subject to major flooding and boreal forests that terminated and reinitiated every 50-150 yr due to relatively frequent severe fires (Heinselman 1981) Blais 1983) . Boreal forests also may have been constrained to structural succession because abundant seeds and/or sprouts from short-lived overstory trees, either remaining within or adjacent to disturbed areas, caused regenerating stands to resemble prior conditions. Additionally, in areas where old-growth had been in place for an extended period and early successional species were rare, late successional species probably were the colonizers after disturbance (e.g., beech forests in Indiana; Lindsey 1961) . In these last two examples, the resistance to compositional change due to abundance of a few tree species has been termed a legacy lock (Johnstone et al. 2010) .
However, closed canopy (either old-growth or successional) forests of this region represent only part of a wider spectrum of forest structure ❖ www.esajournals.org (Fig. 1) . In contrast to the dense, often vertically complex closed forests, open forests are characterized by simple internal stand structure, consisting of a single stratum of persistently understocked overstory trees and limited midstory (Hanberry et al. 2014a, b) . In open forests, overstory trees may be widely dispersed (in savannas) or nearly continuous (in closed woodlands; Hanberry et al. 2014a ). This openness and constrained tree growth permit the development of a typically diverse and abundant groundlayer dominated by grasses, sedges, and forbs. The combination of an open overstory and a robust herbaceous understory produced distinctive ecosystems of high ecological value, often with critical regulatory influences on adjoining ecosystems .
Disturbance-based drivers of the forest closure spectrum Although climate, site conditions, and herbivory may constrain the potential species pool in any given region, regional composition reflects the natural disturbance regime (Staver and Levin 2012) . Most of the old-growth forests, whether open or closed, of eastern North America found prior to widespread Euro-American settlement were cleared prior to 1930 and now forests in this region are driven by stand-replacing disturbances that occur at intervals of less than a century (Seymour et al. 2002 , Pan et al. 2011 . Modern landscapes in eastern North America are covered by successional forests that are an outcome of decades of agricultural clearing and then abandonment, timber harvesting, eventual implementation of effective fire suppression, development of silvicultural practices focused on full stocking and a preferred commercial species, or other land uses that continue to alter the forest communities. Forest composition in these successional stands is now largely driven by tolerance to different shade levels and timber management and other land uses.
Unlike closed forests driven by overstory dynamics related to canopy tree removal and shade tolerance, open forests are shaped by limitations in woody plant establishment by frequent, low-intensity surface fires. Characteristics of the fire regime that drives open forest development are subject to a degree of variation as a function of fire return interval and seasonality, burn intensity and duration, fuel structure (e.g., vertical and horizontal patterns) and flammability, along with other attributes that contribute to the ecology of fuels (Mitchell et al. 2009 ). When coupled with this ecology, a shared characteristic of historically dominant oak and pine species is their ability to tolerate frequent, low-intensity fire and to encourage frequent surface fires. Other factors, such as drought and soil limitations, may cause enough tree mortality to produce persistent open forests at smaller spatial and temporal scales, but will not favor only fire-tolerant oak and pine species throughout large regions. As for large herbivores, white-tailed deer (Odocoileus virginianus) densities are at or above historical highs, but while they may be selectively affecting certain tree species, deer are not browsing forests sufficiently to prevent some type of closed forests from developing (Rooney and Waller 2003 , Bradshaw and Waller 2016 , Russell et al. 2017 ).
Frequent fire regimes and open forests
Frequent surface fires acted on the understory to limit establishment and canopy recruitment of fire-tolerant trees and largely excluded fire-sensitive tree species. Note that fire-tolerant species are not immune from effects of burning; rather, they are generally tolerant enough for some of their propagules to eventually escape the deleterious effects of fire by reaching maturity. Escaped individuals can be patchy in their spatial distribution, as the result of highly localized protected sites, inconsistent fire intensity, or chance. Non-lethal fire events can repeatedly injure trees, slowing growth rates for years or even decades. Even the most fire-tolerant species may fail to establish new seedlings under very frequent fire during most years (albeit successful regeneration only is necessary after a lifetime of centuries). As an example, the annual fires that once swept across much of longleaf pine's (Pinus palustris) original distribution could eliminate virtually all new longleaf seedlings; the right combination of conditions was needed to permit even a few seedlings to sufficiently establish a belowground presence to tolerate burning (Chapman 1932 , Wahlenberg 1934 , Garren 1943 ). This may have led to some early ecologists and foresters to recommend fire suppression as a means to permit longleaf pine to reclaim cutover forests from sprouting scrub oaks (Pessin 1933, Johnson and Hale 2002) .
When very frequent, few trees persisted and maintenance of savannas and grasslands was ❖ www.esajournals.orgassured. Toward the opposite end of the open forest spectrum, less frequent or more irregular fire return intervals allowed more establishment of trees, resulting in an increasingly closed woodland structure. In addition to frequency, factors such as intensity, duration, fuels, and timing (season) of burning, and vegetation and site interactions with fires affect tree establishment. Internal feedback mechanisms within the ecosystem also helped to maintain frequent fires (Hanberry et al. 2014b ). For instance, open forests are exposed to heat and wind conducive to fire; furthermore, their herbaceous layer and leaf litter spread surface fire by providing fuel continuity necessary for effective surface fires (Pecot et al. 2007) . Frequent fires regulated the accumulation of fuel, thereby fire-tolerant species could persist once sufficiently large, with exposure to high severity, overstory-replacing fire disturbances being uncommon. Open forests are resistant to severe fires as the lack of midstory and breaks in canopy continuity restricts the extent or propagation of high severity events. The open structure, low densities, and physiological responses to fire also may diminish the influence of most catastrophic disturbances such as windthrow or insect outbreaks. Long-term maintenance of an open forest state also was facilitated by the actions of herbivores (especially large ungulates) and climate and site conditions, which cannot be too wet to ignite or too dry to produce fire fuels.
Fire also consumes the mechanical barrier of coarse woody debris, leaf litter, and other organic matter on the forest floor that can reduce the emergence of some species, especially grasses. In addition to reducing establishment barriers, fire allows more light to reach the mineral soil. Light intensity on the forest floor is principally a function of overstory tree density, which in open forests is controlled by the fire regime. Understory openness can be further accentuated when overstory fire-tolerant oaks and pines rapidly selfprune their lower branches, often due to fireinduced branch loss. The understory light regime is an important factor that influences the composition and dynamics of the groundlayer vegetation. In longleaf pine savannas, the negative effects of fire exclusion on groundlayer diversity are primarily a function of duff accumulation, while shade cast by the midstory is of secondary importance ). Fewer barriers and increased soil temperature and its fluctuations (Iverson and Hutchinson 2002 ) may also contribute to increased germination from the seed bank (Facelli and Pickett 1991) .
Spatial heterogeneity and the open forest spectrum
Although vertical structural diversity is low in most open forests, considerable spatial heterogeneity arises from varying tree density in the form of vegetation phases of savannas and woodlands at landscape scales . Variation in fuel loading helps to regulate the impacts of fire on tree establishment success (Loudermilk et al. 2012 ) and the dispersion between overstory trees creates greater horizontal heterogeneity in canopy closure and stand density than found in closed forests (Hanberry et al. 2014a . Uniform or random spacing typically may occur as individual trees claim the growing space around them, but factors such as differential fire severity, fire energy release driven by overstory contributions to fuels, patterns in fine-scale environmental gradients, and/or remnants of persistent soil seed banks may lead to patches of aggregated trees and clustered arrangements (Dell et al. 2017) . Additionally, dense pine establishment in particular may result in groups of trees that periodically fill overstory gaps. On the most open end of the spectrum, it may be difficult-and essentially unnecessaryto distinguish treed savannas from grasslands that contain various forest configurations, such as riparian forests, groves, scattered trees, and trees in shrub form.
Spatial heterogeneity in overstory tree distribution and differential fire energy release produced by fuels heterogeneity also play keys role in structuring understory conditions (O'Brien et al. 2008 , Dell et al. 2017 . A wide range in canopy closure produces gradients in light, water, wind, and fire exposure, which favor different plant traits and result in differing groundlayer composition. Overstory trees and understory herbaceous plants are functionally linked through interactions of fuel spatial distribution and subsequent energy release (O'Brien et al. 2008 , Dell et al. 2017 . Open forests have elements of grasslands because the growing space is not captured by trees, allowing for a diverse shade-intolerant herbaceous cover. Hence, open forests represent interfaces where key ❖ www.esajournals.orgsystem properties change discontinuously, resulting in different ecosystem function. The term ecotone may be synonymous with interface, given the understanding that open forests are unique and emergent ecosystems in their own right, analogous to wetlands at the interface of aquatic and terrestrial ecosystems.
A sparse to absent woody midstory further distinguishes closed woodlands from closed forests. The limited open forest midstory owes its reduced woody vegetation to the frequent consumption of small diameter woody stems, seedling trees in particular, by fire. Fire favors herbaceous vegetation primarily by killing or greatly stunting woody vegetation, thereby limiting its abundance and allowing light to reach the forest floor. Fire's impact on woody stems is a function of its frequency, season of burn, and distribution across sites, with frequent growing-season burns causing the greatest mortality, especially where certain fuels have accumulated (Waldrop et al. 1992 , Glitzenstein et al. 1995 , Drewa et al. 2002 , Mitchell et al. 2009 ). Woody plants also struggle to establish because of a continuous herbaceous groundlayer that presents a remarkably challenging competitive environment for seedlings (Scholes and Archer 1997) . There are also elements of the fuel structuring that occur in at least some open forests that contribute to under-and midstory vegetation patterns. For example, recent work has shown that longleaf pine cones burn hotter and longer than other fine fuels, producing areas of higher fire radiative energy that contribute to variation in fuel consumption, plant mortality, and other pyrogenic impacts that can influence forest structure .
UNDERSTANDING HISTORICAL OPEN OAK AND PINE FORESTS OF EASTERN NORTH AMERICA
With the preceding paragraphs on the comparative structure, function, and dynamics of the forest closure spectrum for background, we now take the opportunity to reconceive of the historical forest conditions of eastern North America with an emphasis on the nature of open forests. Our objective of this section is to link the dominant (driving) disturbance regimes of the past with the observations (both historical and contemporary) of the composition, complexity, dynamics, and their interactions on the open oak and pine forests in eastern North America, where their canopy closure spectrum ranges from sparsely treed savannas to open woodlands to closed woodlands.
Species composition and dominance
The open oak-and pine-dominated forests that characterized much of eastern North America for thousands of years arose from widespread, surface fire-driven disturbance regimes (Beilmann and Brenner 1951 , Prentice et al. 1991 , Abrams 1992 , Grimm and Jacobson 1992 , Overpeck et al. 1992 , Earley 2004 , Williams et al. 2004 , Frost 2006 , Arthur et al. 2012 , Hanberry and Abrams 2018 . This long history of fire helped shaped the dominance of these taxa over large scales. In many places, oaks comprised 30-80% (or more) of the stems across deciduous forests of eastern North America, while most other hardwood species were relatively minor components. For example, upland oaks comprised approximately 55% of past forests in the eastern broadleaf forest region and 65% of the trees in prairies bordering eastern forests (Goring et al. 2016, Hanberry and Nowacki 2016) . Most of these open forests were dominated by a relatively limited number of upland oak species. White oak (Quercus alba) and lesser amounts of black (Quercus velutina, or perhaps other taxa in the red oak subgroup) were common throughout the region; chestnut oak (Quercus prinus) and northern red oak (Quercus rubra) were more dominant in the east; post oak (Quercus stellata), bur oak (Quercus macrocarpa), and blackjack oak (Quercus marilandica) in the interior; and southern red oak (Quercus falcata) in the south (Schnur 1937 , Hanberry et al. 2012 , Faison and Foster 2014 , Greenberg et al. 2016 .
Likewise, taxonomically simple open forests comprised of pine or mixed oak-pine also dominated much of the southeastern United States.
Longleaf pine defined open forests across millions of hectares of the Lower Coastal Plain from Texas to Virginia (Frost 1993 , Earley 2004 , Hanberry et al. 2018a . In these open forests, longleaf often contributed in excess of 75% of total composition Nowacki 2016, Hanberry et al. 2018a Canada, the northern Lake States, New England, and the Mid-Atlantic regions, often associated with sandy or stony soils, comprised of jack pine (Pinus banksiana), red pine (Pinus resinosa), pitch pine (Pinus rigida), and occasionally eastern white pine (Pinus strobus; e.g., Forman 1979 , Heinselman 1981 , Whitney 1986 ).
Age complexity in historical open forests
The age structure of many old southern pine forests is usually quite complex (Platt et al. 1988 , Gilliam and Platt 1999 , Varner et al. 2003 , Bragg 2004 , Varner and Kush 2004 , Pederson et al. 2008 ), a function of often episodic or sporadic canopy recruitment. For example, historical longleaf pine forests (Fig. 2) were characterized by an overstory that included large, old (>200 yr) trees, more-or-less continuously recruited via small canopy gaps prior to fire exclusion. Scattered across these old stands are overstory gaps containing a handful of persistent, often firestunted, slow-growing longleaf saplings, with occasional pole-sized pines that have reached a large enough size to resist fires and not be suppressed by overstory shade. These fire-resistant longleaf pine saplings are suggestive of the heterogeneity also present in many open foreststhey have a multi-aged overstory akin to that of old-growth closed forests. This was especially true in the deep sands of the Wade Tract of southwest Georgia where Platt et al. (1988) documented the continuous gap-phase recruitment of longleaf pine throughout its centuries-long recorded history. Others have noted larger even-aged cohorts of longleaf to be present but uncommon (Varner et al. 2003 , Pederson et al. 2008 .
Open oak forest ecosystems also followed this same developmental pattern with multiple age classes in an otherwise vertically simple overstory (Fig. 2 ). For instance, dendrochronological studies in some remnant old-growth oak forests have shown relatively continuous recruitment prior to fire suppression (Abrams and Copenheaver 1999, Rentch et al. 2003 , Bragg et al. 2012 , Hart et al. 2012 ). These studies also noted that gap-scale recruitment of white and chestnut oak recruitment often required multiple release events during canopy ascension. These releases were likely caused by small-scale canopy disturbances, for example, death of individual trees or patches of several trees. When infrequent, crown-replacing events, caused by wind, ice, insects, drought, or high severity fire, created larger gaps, it was possible to recruit bigger patches of even-aged seedlings (Rentch et al. 2003) . These large-scale canopy disturbances could be more common in xeric oakpine stands with a history of frequent fire (King and Muzika 2014) .
In part, the development of open, uneven-aged old-growth forests was possible because many of the dominant tree species, including white oak, post oak, bur oak, longleaf pine, and shortleaf pine, can live for well over 300 yr. This is much longer than most other species considered early seral in eastern North America and helped to produce the age complexity of open forests. The long-term persistence of open forests depends on the rare, sometimes synchronous, combination of circumstances that allowed fire-tolerant advanced reproduction to accumulate in the understory, sometimes for decades. Because extensive areas were not frequently replaced by catastrophic disturbances, open forests achieved age heterogeneity as this advanced regeneration opportunistically replaced canopy trees that died.
Low severity fire and its influence
In the past, much of eastern North America was exposed to frequent, low severity fires (Frost 1998 , Guyette et al. 2012 . Although the controlling influence of this pyrogenic disturbance regime has been questioned by some , we believe that in many areas the transition from open to closed forests was a direct consequence of successful widespread fire exclusion, starting after 1910 and ramping up in the 1930s. Prior to active suppression, fires generally burned every 5-20 yr across much of eastern North America (Lafon et al. 2017 , Stambaugh et al. 2018 , and sometimes as often as every year or two in the Lower Coastal Plain where the fine fuels in the form of graminoids and leaf litter (especially pine straw) accumulated quickly enough to carry fire (Glitzenstein et al. 1995 , 2003 , Stambaugh et al. 2018 ) and prevent tree regeneration from capturing growing space. Fire regime variation across space and time allowed for different vegetative states, from savannas to woodlands, transitions between these states, and the periodic recruitment of new overstory trees.
The removal or limitation of frequent fire was quickly observed by early foresters as one of the best opportunities for increasing forest stocking (Mattoon 1922 ) and hence became one of the first, and most universal, silvicultural recommendations available to interested landowners. This recommendation countered centuries of prior practice. Widespread human use of fire in the past to reshape the environment has been welldocumented in the eastern United States (Williams 2005) . Early explorer William Bartram described (Harper 1998:141-142) Bartram's use of the term "firing" fits the welldocumented use of fire by prehistoric peoples to influence forested ecosystems (Denevan 1992 , Delcourt and Delcourt 1997 , Delcourt et al. 1998 , Abrams and Nowacki 2008 , Jurney 2012 . Hilgard (1860:349) also noted the outcome of this practice in the longleaf pine-dominated southern third of Mississippi:
The herbaceous vegetation and undergrowth of the Longleaf Pine Region is hardly less characteristic than the timber. Whenever the regular burning of the woods, such as practiced by the Indians. . .the pine forest is almost destitute of shrubby undergrowth, and during the growing season appears like a park, whose long grass is often very beautifully interspersed with brilliantly tinted flowers.
Oak-dominated ecosystems in the Central Hardwoods region were regulated by frequent surface fires in the same fashion. In 1750, Jesuit missionary Father Louis Vivier described (Vivier 1900:207-209 ) the lands along the Mississippi River as:
. . .bordered, throughout nearly the whole of its course, by two strips of dense forests, the depth of which varies more or less from a half a league to four leagues. Behind these forests the country is more elevated, and is intersected by plains and groves, wherein the trees are almost as thinly scattered as in our public promenades. This is partly due to the fact that the Savages set fire to the prairies toward the end of autumn, when the grass is dry; the fire spreads everywhere and destroys most of the young trees.
The woods burning practices of Native Americans were continued and even intensified by Euro-American settlers (Guyette et al. 2002 , Arthur et al. 2012 . For example, William Dunbar, a Scottish immigrant and early settler in the Natchez, Mississippi area (Berry et al. 2006:41) , wrote of the haze commonly encountered in the lower Mississippi River Valley during the latter months of the year, attributing it to:
. . .a common practize [sic] of the Indians and [Euroamerican] Hunters, of firing the woods, planes [sic] or savannahs; the flames often extending themselves some hundred miles, before the fire is extinguished. . .
It is important to note that improperly applied burning could be detrimental to ecosystem integrity, as was noted by Hilgard (1860:361): In their natural state, as received from the hands of the Indians, the Pine Woods were one great pasture -as, in thinly settled regions, they still are. Nor is it, generally, the ranging of cattle which has destroyed the pasturage in other regions, but simply the injudicious burning of the woods, at seasons when the fire would destroy not only the dry leaves, but also parch the heart and roots of the grasses. . .The beautiful, park-like slopes of the Pine Hills are being converted into a smoking desert of pine trunks. . .
Under regulated anthropogenic application and in conjunction with edaphic and topographic conditions, low severity surface fire was the primary stabilizing mechanism for most open forest systems (Bray 1906 , Heyward 1939 , Garren 1943 , Beilmann and Brenner 1951 , Forman 1979 , Abrams 1992 , Earley 2004 , Frelich et al. 2015 , Veldman et al. 2015 .
Under-and midstory composition and dynamics
In general, open oak and pine forests of eastern North America are characterized by a productive and diverse groundlayer vegetation, dominated by herbaceous perennials (~90%) and often containing species of high conservation value (Drew et al. 1998 , Leach and Givnish 1999 , Kirkman et al. 2001 . Open forests have been described as grasslands with trees, but in some oak savannas, Leach and Givnish (1999) suggested that forblands would be more accurate given their dominance by a diverse community of forbs. In the Lower Coastal Plain of eastern North America, the forb-and graminoid-dominated groundlayer of frequently burned longleaf pine savannas can be extremely diverse, with 25-35 species occurring per square meter Peet 1984, Peet and Allard 1993) . Where conditions are such that longleaf pine flatwood sites burn less frequently (Fig. 3) (Glitzenstein et al. 1995) . Open oak ecosystems maintained by fire support two to three times the small-scale species richness of unmanaged closed oak forests in the same region (Leach and Givnish 1999, Knapp et al. 2015) .
The groundlayer of closed oak forests is dominated by shade-tolerant perennial herbs or spring ephemerals that complete much or all of their annual carbon assimilation before canopy closure (Neufeld and Young 2003) . In open oak forests, abundance and diversity of groundlayer vegetation are related to canopy cover across a fire frequency gradient in oak savannas. Coolseason (C 3 ) graminoids, notably panic grasses (Dichanthelium spp.) and upland sedges (Carex spp.) are also common in some open oak forests and these increase with repeated burning (Taft 2003 , Hutchinson et al. 2005 . With increasing canopy cover, the cover of forbs and especially grasses decreases and species diversity also declines (Peterson et al. 2007, Peterson and Reich Fig. 3 . Difference between annually burned longleaf pine flatwood site (foreground) vs. an open stand that has not burned in over a decade (background). When fire return intervals approach or exceed 10 yr in this type, the woody understory includes a number of shrub species in addition to saw palmetto to the exclusion of most other herbaceous species and produces a much more intense fire when burned.
2008). However, the reduction of grass dominance is not always a problem in some open forests. As an example, forbs that flower in the summer or fall require moderate to high light levels characteristic of open oak forests (Nelson 2010) . Hence, for forbs such as composites (Asteraceae) and legumes (Fabaceae) to dominate oak savannas, the partial shade cast by the overstory must limit coverage by C 4 grasses and frequent fires need to reduce the dominance of woody plants.
Similarly, in open longleaf pine forests, groundlayer species richness is inversely related to tree basal area and canopy cover, both factors that are influenced by fire frequency (Veldman et al. 2014) . However, compared to open oak forests, the herbaceous flora of open pine forests tends to be more dominated by grasses, particularly C 4 grasses (Masters et al. 1996 , Brockway and Lewis 1997 , Kirkman et al. 2001 . In fact, ecological classifications often include the dominant C 4 grass in the nomenclature (e.g., longleaf pine-wiregrass [Aristida] savannas, shortleaf pine-bluestem [Andropogon] woodlands). While often less abundant than the grasses, forbs still contribute much to the diversity in open pine forests, with composites and legumes again being major groups (Drew et al. 1998) . Woody plants (tree seedlings/sprouts and shrubs) may also be a significant component of the groundlayer vegetation except in a regime of long-term annual or near-annual burning (Bowles et al. 2007 , Peterson et al. 2007 , Knapp et al. 2015 .
Long-term annual or biennial dormant season fires can also exclude woody plants from the groundlayer vegetation in many ecosystems in eastern North America (Knapp et al. 2015) . Fire-tolerant tree species evolved a number of adaptations for persistence under a frequent firemediated disturbance regime, including thick, insulating bark on mature trees, high flammability constituents in the bark, foliage, and other aboveground tissues, cone serotiny, self-pruning of lower branches, the ability to resprout multiple times after topkilling, and other unique mechanisms, such as the grass stage found in longleaf pine (Gignoux et al. 1997 , Fonda 2001 , Bond and Keeley 2005 , Kane et al. 2008 , Mitchell et al. 2009 ). Although fires may lethally heat soilstored seeds (Wiggers et al. 2013) or destroy propagules and even advanced regeneration (Mitchell et al. 2009 ), germination of some hardcoated seeds (e.g., legumes) is stimulated by heat (Cushwa et al. 1968, Bradstock and Auld 1995) . Prescribed fire has been shown to trigger the germination of seed-banking species in oak woodlands and forests (Taft 2003 , Hutchinson et al. 2005 and in shortleaf pine woodlands (Sparks et al. 1998) . Indeed, fire energy release driven by overstory-derived fuels appears to have the greatest positive impact on diversity in relatively open-canopied, frequently burned stands (Dell et al. 2017 ).
However, low-stature woody vegetation is not always absent from even the most open forests; both fire-tolerant shrubs and trees may be present and occasionally formed a patchy scrub groundlayer. Shrublands comprised of oak sprouts or grubs, top-killed by fire, were described for the eastern prairie-forest interface (Lindsey 1961) . Across much of the Coastal Plain of the southeastern United States, travelers and GLO surveyors frequently mentioned oak and pine scrubs in the open forestlands they traversed during the 19th century (Bragg 2002) . Dr. Charles Mohr (quoted in Sargent 1884:539) described such a community near Shreveport, Louisiana:
The rolling uplands that which extend to the edge of the [Red River]. . .bear an open growth of oaks. . .The undergrowth in these woods is scanty, and consists for the most part of seedling oaks. Dey et al. (2017) noted that this fire-stunted advance tree regeneration is critical to the eventual replacement of the overstory dominants that eventually succumb to any of a number of causes. Shortleaf pine has a comparable capacity to resprout from top-killed seedlings (Mattoon 1915) , and longleaf pine's grass stage is a different manifestation of this established tree regeneration pool. Regardless of species, the ability of these advanced regeneration pools to replace overstory trees requires some respite from the frequent surface fires.
Long-term prescribed fire experiments in open oak and pine forests provide further insights into how the structure, composition, and diversity of the groundlayer vegetation varies under different fire regimes. In oak savannas and woodlands in the upper Midwest, groundlayer diversity and the abundance of herbaceous vegetation were shown to be maximized in a regime of biennial ❖ www.esajournals.orgfires over a period of >30 yr (Peterson et al. 2007, Peterson and Reich 2008) . Similarly, in the Missouri Ozarks, Knapp et al. (2015) showed that frequent burning for >60 yr in oak woodlands led to a diverse groundlayer with a vigorous herbaceous component, which was in sharp contrast to the depauperate flora of nearby unburned woodlands. In the Coastal Plain, where growing-season fires ignited by lightning or people are much more common, the relationship between frequent fire in open pine forests and a productive groundlayer vegetation has been recognized for a very long time (Stoddard 1931) . Multiple studies have compared the longterm (>40 yr) effects of different fire regimes on community composition of open forests. Waldrop et al. (1992) demonstrated that the abundance of herbaceous vegetation, particularly grasses, was much greater with annual burning than periodic burning (3-7-yr return) in South Carolina loblolly pine stands. Similarly, longterm frequent burning (1-3-yr intervals) in both Georgia longleaf pine flatwoods and Florida longleaf pine savannas promoted a diverse and productive groundlayer dominated by grasses (Brockway and Lewis 1997, Glitzenstein et al. 2012) .
Shorter-term studies in a variety of open forests also show increases in groundlayer/seed bank diversity and the abundance of herbaceous vegetation after repeated fires (Taft 2003 , Hutchinson et al. 2005 , Bowles et al. 2007 , Holzmueller et al. 2009 or the combination of mechanical thinning and prescribed fire (Royo et al. 2010 , Kinkead et al. 2013 , Lettow et al. 2014 , Sharma et al. 2018 . For example, shortterm groundlayer flora response to thinning and repeated burning has been documented in shortleaf pine woodlands in the Ouachita Mountains of Arkansas. These restoration treatments have greatly increased the density and biomass of both grasses and forbs (Masters et al. 1996 , Sparks et al. 1998 . Taken together, these studies show that fire return intervals of <5 yr may be necessary to sustain a productive and diverse groundlayer in open oak and pine forests. However, less frequent fire may sustain an open forest groundlayer community when tree growth is more severely limited by the environment, for example, the excessively drained or shallow soils found in barrens (Anderson et al. 2007 ).
PUTTING IT ALL TOGETHER: A RECONCEPTUALIZATION OF OPEN FORESTS
The preceding sections were intended to help (re)define the concept of open oak and pine forests in eastern North America, particularly addressing simple overstory structure and species-rich understories compared to closed successional forests that now dominate the region. Open forest ecosystems should be recognized as a currently missing portion of the spectrum between closed successional forests and grasslands. We advocate that most open forests were widespread and stable ecosystems, in the sense that these forest types have been present for thousands of years and the simple stand structure and monotypic composition do not vary much when overstory trees live for centuries, with intermediate and emergent properties resulting from the intersection of two ecosystems that share a disturbance regime. Open forests are now a missing portion of the forest spectrum in eastern North America, given the uniqueness and historical importance of open oak and pine forests, largely as a consequence of societal decisions regarding forest land management priorities over the past century.
Lack of recognition of open forests reinforces the notion that closed forests are the archetypal forest in eastern North America, thereby resulting in misunderstandings that have reduced effective research and conservation of remaining open forest ecosystems. Conventional concepts of succession and closed forests are deeply embedded in American ecology and forestry, which makes it difficult to determine all the implications and consequences of applying that body of knowledge to a different ecosystem. However, the reconceptualization of community types in eastern North America is not without precedent (Mitchell et al. 2006) . For instance, after archetypical closed old-growth forests were accepted as an alternative state to closed successional forests, identification of stand features and species associated with closed old-growth forests occurred, along with understanding of different stand dynamics and management techniques than those that occur in closed successional forests (Franklin et al. 2002) . After a long and often difficult process, acknowledgment of the ecologically unique attributes of old-growth forests helped provide better protection and management of the remaining resource.
We believe that ecological terms and silvicultural methods developed for successional closed forests, such as shade tolerance, even-and uneven-aged management, and vertical layers as applied to open forest ecosystems are ultimately inconsistent with their most appropriate use. For example, even-aged management has been the dominant strategy for regenerating closed oak stands throughout the eastern United States for more than 50 yr (Johnstone et al. 2010 ). However, even-aged management is a term for successional forests, which are influenced by overstory disturbance and rapid change following disturbance as a function of varying degrees of shade tolerance. Development and application of open forest management with a specific focus on maintaining relatively constant stocking through thinning and prescribed fire is more appropriate, and although practiced at small scales, is not yet realized to be an option to even-aged management.
Hence 
CONCLUSIONS
We offer a new conceptualization of historical forest condition and dynamics for eastern North America when fire was frequent and widespread. During this period, forest structure was often in the open part of the canopy closure spectrum due to frequent fire's limitations on understory woody stem recruitment. Tree density heterogeneity varied across environmental/fire frequency gradients, and the groundlayer was productive and diverse. These open forests also contained a simple overstory structure and low diversity oak and pine composition that nevertheless resulted in old-growth. Today, loss of frequent fire means that open oak and pine forest ecosystems have declined precipitously in the eastern North America (Noss et al. 1995 , Hanberry and Abrams 2018 , Hanberry et al. 2018b , and similar open forest ecosystems such as ponderosa pine (Pinus ponderosa) and Oregon white oak (Quercus garryana) in the western United States are also imperiled. Functional open oak and pine forests persist only when and where circumstances permit application and sustenance of the needed fire regime.
These diminishments are masked to a large degree by the relative abundance of oak and pine in North American forests; however, the closed oak and pine forest ecosystems present today are fundamentally different than those that dominated in the past. Indeed, very few managed landscapes remain dominated by open forests, having transitioned during the last century to increasingly dense stands comprised of fire-intolerant species in all strata (thus, many vertical layers) and a woody rather than herbaceous understory (Goebel and Hix 1996 , McCarthy et al. 2001 , Bragg 2004 , Fraver and Palik 2012 , Dey et al. 2017 , Hanberry and Abrams 2018 . Efforts to arrest this degradation and restore selfreplacing oak-and pine-dominated ecosystems have had limited success (Dey et al. 2017) , due in part to our imperfect understanding of the structure and dynamics of these systems. We have also largely lost the ability to reference actual functioning examples to address this challenge. Most of the few unmanaged old-growth remnants left have long since lost their original open forest structure, providing few useful models for scientists and managers to reference.
The disappearance of open forests, especially at scale and across many different landscapes, has had many significant conservation implications. Unlike the currently dominant closed successional forests, explicit connections between historical open forests and biodiversity forged over thousands of years cannot be easily replicated. Taxa associated with the open forests of eastern North America, such as the now-extirpated eastern elk (Cervus canadensis canadensis), many early successional birds (Johnson and Hale 2002, Reidy et al. 2014) , butterflies and other pollinators (Campbell et al. 2007 , Wood et al. 2011 , groundlayer taxa (Kirkman et al. 2001 , Mitchell et al. 2006 , and myriads of other species that depended on open forests have declined steeply having failed to find the closed successional forests acceptable habitat. Only recently have conservation-driven objectives (e.g., recovery of endangered species) begun to influence forest management practices. For example, large-scale habitat restoration of open pine forests dominated by large, mature trees for red-cockaded woodpeckers (Picoides borealis) has helped to at least temporarily arrest the decline of that endangered species. However, even this conservation success story does not inherently capture enough of the needed dynamics to ensure the long-term stability of these restoration efforts. A better understanding and greater awareness of the attributes of these unique open oak and pine forests therefore are needed to ensure improvements in their management and restoration.
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